Abstract
Introduction

53
With the recent rapid economic development and urbanization, the 54 associated emissions from coal combustion, motor vehicle exhaust and 55
various industrial emissions have led to highly complex air pollution in 56
China. Besides the high concentrations of fine particles (PM 2.5 ), high 57 concentrations of NO x , SO 2 , NH 3 , and volatile organic compounds (VOCs) 58
were observed in haze pollution episodes (Liu et introduction to this instrument and found that the measurement results 148 agreed well with the AMS. Wall deposition of particles in the chamber was 149 similarly corrected using a regression equation to describe the dependence 150 of deposition rate on the particle size (Takekawa et al., 2003) . Detailed 151 information on this equation was given in our previous studies (Chu et al., 152 2012; Chu et al., 2014) . 153
Alumina seed particles were produced on-line via a spray pyrolysis 154 setup, which has been described in detail elsewhere (Liu et al., 2010) . 155
Liquid alumisol (AlOOH, Lot No. 2205, Kawaken Fine Chemicals Co., 156
Ltd., Japan) with an initial concentration of 1.0 wt%, was sprayed to 157 droplets by an atomizer. After that, the droplets were carried through a 158 diffusion dryer and a corundum tube embedded in a tubular furnace with 159 the temperature maintained at 1000 º C to generate alumina particles. The 160 obtained alumina particles were γ-Al 2 O 3 as detected by X-ray diffraction 161 measurements, and spherical-shaped according to electron micrograph 162 results. Before being introduced into the chamber, the particles were 163 carried through a neutralizer (TSI 3087, TSI Incorporated, USA). In 164 addition, toluene was injected into a vaporizer and then carried into the 165 chamber by purified air, while NO x , SO 2 and NH 3 were directly injected 166 into the chamber from standard gas bottles. The concentrations of NH 3 167
were estimated according to the introduced amount of NH 3 and the volume 168 of the reactor. 169
Results and discussion
170
Particle formation and growth in different inorganic gas conditions 171
The effects of SO 2 and NH 3 on secondary aerosol formation were 172 qualitatively studied first in the photooxidation system of toluene/NO x 173 without the presence of a seed aerosol. Experiments were carried out in the 174 absence of SO 2 and NH 3 , in the presence of SO 2 or NH 3 , and coexistence 175 of SO 2 and NH 3 , respectively. Experimental details are listed in Table 1 . 176
The letter codes used for the experiments represent a combination of the 177 initial letters of the precursors for each experiment. For example, 178 experiment "ASTN" is an experiment with presence of ammonia gas (A), 179 sulfur dioxide (S), toluene (T) and nitrogen oxides (N). Two experiments 180 (ATN1 and ATN2) were carried out under similar conditions to test the 181 reproducibility of the experiments. 182
Secondary aerosol formation in these photooxidation experiments was 183 measured by the SMPS, and the results are displayed in Fig. 1 Table 1 .
214
The size distributions of the secondary aerosol in the photooxidation, 215 with a range of 17-1000 nm, were analyzed and are shown in Fig. 2 . A 216 significant increase in new particle formation was observed in the presence 217 of SO 2 . The maximal particle number concentrations in experiments ASTN 218 and STN were one order of magnitude higher than those in experiments 219 ATN and TN. The presence of NH 3 also contributed substantially to the 220 particle growth in photooxidation of toluene/NO x . Comparing Fig. 2(c) to 221 Fig. 2(a) , the total number concentration of particles in experiment ATN 222 was a little lower than that in experiment TN, but the mode diameter of the 223 particles was much larger. 224
Secondary inorganic aerosol formation 225
Some synergetic effects were observed in secondary inorganic aerosol 226 formation besides the generation of ammonium and sulfate from NH 3 and 227 SO 2 . For example, nitrate formation was not only enhanced by NH 3 , due to 228 conversion of nitric acid into ammonia nitrate, but also was markedly 229 is unknown but we speculate that the generated NH 4 NO 3 might partition 236 back into the gas phase as reaction goes on. In Fig. 2 , we observed that the 237 particle size was larger in experiment ATN than the other three experiments. 238
The larger diameter resulted in more significant wall deposition, reduced 239 the surface area of the suspended particles, and shifted the partition 240 equilibrium to the gas phase. Adding SO 2 to the system resulted in a lower 241 peak concentration but a higher final concentration of nitrate. In the 242 presence of SO 2 , higher concentrations of sulfate and organic species were 243 generated and mixed with nitrate in the aerosol, which may shift the 244 partition balance of NH 4 NO 3 to the aerosol phase. In addition, the presence 245 of organic matter might accelerate the deliquescence of generated 246 
254
Experimental details are listed in Table 1 .
255
In Fig. 3 , the generation of ammonium salt can be observed in the 256 photooxidation of toluene/NO x /SO 2 without introducing NH 3 gas. This 257 indicated there was NH 3 present in the background air in the chamber, and 258 also indicated that the effects of NH 3 on secondary aerosol formation might 259 be underestimated in this study. The background NH 3 was derived from the 260 partitioning of the deposited ammonium sulfate and nitrate on the chamber 261 wall when humid air was introduced (Liu et al., 2015b ). Unfortunately, due 262 to the lack of appropriate instrumentation, we were not able to measure the 263 exact concentration of NH 3 in the background air in the chamber. With this 264 in mind, the experiments carried out without introducing NH 3 gas were 265 considered "NH 3 -poor" experiments in this study, while experiments with 266 the introduction of NH 3 gas were considered "NH 3 -rich" experiments, in 267 which the concentrations of NH 3 were more than twice the SO 2 268 concentrations and the oxidation products of SO 2 and NO x were fully 269 neutralized by NH 3 . 270
To further quantify the effect of SO 2 on secondary aerosol formation, 271 different concentrations of SO 2 were introduced under NH 3 -poor and NH 3 -272 rich conditions. The details of the experimental conditions are shown in 273 Table 2 . In these experiments, the concentrations of toluene were reduced 274 compared to the experiments in Table 1 , and monodisperse Al 2 O 3 seed 275 particles with mode diameter about 100 nm were introduced into the 276 chamber. As shown in Fig. 4 species. Under NH 3 -poor conditions, the sensitivity of these species 295 followed a different sequence, in which sulfate > nitrate > organic aerosol > 296 ammonium. A better correlation was found between secondary aerosol 297 formation and particle surface area than that with particle volume, with 298 details introduced in Fig. S1 in the supporting information, indicating an 299 enhancement effect in the heterogeneous process rather than in bulk 300 reactions. The different sequences under NH 3 -rich and NH 3 -poor 301 conditions indicated that the presence of SO 2 and NH 3 not only contributed 302 aerosol surface for partitioning, but also enhanced the heterogeneous 303 process for secondary aerosol formation. 304 305 
2004). According to the consumption of toluene, OH concentrations in the 330
photooxidation experiments were estimated to range from 1.6 10 6 331 molecules/cm 3 to 2.7 10 6 molecules/cm 3 . The reaction between these OH 332 radicals and SO 2 contributed 35%-50% of the total SO 2 degradation in 333 NH 3 -poor experiments, while this ratio was reduced to 25%-30% in NH 3 -334 rich experiments. This indicated that the heterogeneous process was an 335 important pathway for inorganic aerosol formation in the photooxidation 336 system, and the heterogeneous process was enhanced by the presence of 337 
Secondary organic aerosol formation 344
The presence of NH 3 and SO 2 caused significant formation of 345 secondary inorganic aerosol, and meanwhile, enhanced SOA formation. In 346 previous studies, Kleindienst et al. (2006) found that the presence of SO 2 347 did not disturb the dynamic reaction system of α-pinene or isoprene in the 348 presence of NO x . In the present study, no obvious difference was found in 349 the OH concentration in experiments with different concentrations of SO 2 350 and NH 3 . Therefore, it could be also assumed that the presence of SO 2 and 351 NH 3 in this study did not significantly impact the gas phase oxidation of 352 volatility. The presence of NH 3 might also change the surface properties of 363 the aerosol and enhance heterogeneous oxidation of organic products. As 364 mentioned earlier in this study, there was NH 3 present in the background 365 air in the chamber, so the effects of NH 3 on secondary aerosol formation 366 might be underestimated in this study. Detecting the concentration of NH 3 367 gas as a function of time and quantifying the effects of NH 3 on secondary 368 aerosol are meaningful, and are expected to be studied in the future. 369
The enhancing effect of NH 3 on secondary aerosol formation in toluene 370 photooxidation was further attributed to its influence in heterogeneous 371 reactions. In the presence of Al 2 O 3 seed particles, no obvious new particle 372 formation was detected in experiments without SO 2 , as shown in Fig. 6(a)  373 and Fig. 6(c) . The presence of NH 3 caused a more noticeable particle 374 diameter growth of about 12 nm. In the two experiments carried out in the 377 presence of 52 ppb SO 2 in Fig. 7(b) and Fig. 7(d) , significant but similar 378 new particle formation occurred. The maximum particle number 379 concentrations detected by the SMPS were about 33000 particle/cm 3 and 380 34000 particle/cm 3 under NH 3 -poor and NH 3 -rich conditions, respectively. 381
However, the growth of the seed aerosol in these two experiments was 382 quite different. Under an NH 3 -poor condition, the mode diameter of the 383 seed aerosols grew from 100 nm to about 130 nm, while under an NH-rich 384 condition it grew to about 220 nm. These results indicated that elevated 385 Experimental details are listed in Table 1 .
392
The chemical properties of the generated SOA under different 393 conditions of NH 3 and SO 2 were compared by applying PMF analysis to 394 the AMS data. Two factors were identified from the analysis, with average 395 the two factors are shown in Fig. 7 . The abundance of C x H y fragments was 398 higher in Factor 2 than Factor 1, while oxygen and nitrogen content in 399
Factor 1 were higher than Factor 2. Meanwhile, as indicated in the red box 400 in Fig. 7 , fragments with high m/z were more abundant in Factor 2. Thus 401 we assigned Factor 1 to the highly oxidized organic component and some 402 nitrogenous organic compounds, while Factor 2 was assigned to less-403 oxidized organic aerosol and some oligomers. 404 
Conclusions
468
In the photooxidation system of toluene/NO x , the presence of SO 2 469 and/or NH 3 increased secondary aerosol formation markedly, regardless of 470 whether Al 2 O 3 seed aerosol was present or not. Some synergetic effects in 471 the heterogeneous process were observed in secondary inorganic aerosol 472 formation in addition to the generation of ammonium and sulfate from NH 3 473 and SO 2 . Specifically, the generation of NH 4 NO 3 was found to be highly 474 dependent on the surface area concentration of suspended particles, and 475 was enhanced by increased SO 2 concentration. Meanwhile, sulfate 476 formation was also increased in the presence of NH 3 . The absorbed NH 3 477 might provide liquid surface layers for the absorption and subsequent 478 reaction for SO 2 and organic products, and therefore, enhance sulfate and 479 SOA formation. NH 3 mainly influenced secondary aerosol formation in the 480 heterogeneous process, resulting in significant growth of seed aerosols, but 481 had little influence on new particle generation. In the experiments carried 482 out in the presence of Al 2 O 3 seed aerosols, sulfate, organic aerosol, nitrate 483 and ammonium were all found to increase linearly with increasing SO 2 484 concentrations in toluene/NO x photooxidation. The increase of these four 485 species was more obvious under NH 3 -rich conditions, and the order of their 486 sensitivity was different from that under NH 3 -poor conditions. A better 487 correlation between secondary aerosol formation and particle surface area 488 than that with particle volume indicated an enhancement effect in the 489 This study indicated that the synergistic effects between inorganic 500 pollutants could substantially enhance secondary inorganic aerosol 501 formation. Meanwhile, the presence of inorganic gas pollutants, i.e. SO 2 502 and NH 3 , promoted SOA formation markedly. Synergistic formation of 503 secondary inorganic and organic aerosol might increase the secondary 504 aerosol load in the atmosphere. These synergistic effects were related to 505 the heterogeneous process on the aerosol surface, and need to be quantified 506 and considered in air quality models. 507 Environment Simulation and Pollution Control (14Z04ESPCR). This work 513 was also financially and technically supported by Toyota Motor 514
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